Abstract. Kinesin is a mechanochemical enzyme composed of three distinct domains: a globular head domain, a rodlike stalk domain, and a small globular tail domain . The stalk domain has sequence features characteristic of a-helical coiled coils . To gain insight into the structure of the kinesin stalk, we expressed it from a segment of the Drosophila melanogaster kinesin heavy chain gene and purified it from Escherichia coli . When observed by EM, this protein formed a rodlike structure 40-55 nm long that was occasionally bent at a hingelike region near the middle of the molecule . An additional EM study and a chemical crosslinking study showed that this protein forms a parallel dimer and that the two chains are in register. Finally, using circular dichroism spectroscopy, we showed that
composed of three distinct domains: a globular head domain, a rodlike stalk domain, and a small globular tail domain . The stalk domain has sequence features characteristic of a-helical coiled coils . To gain insight into the structure of the kinesin stalk, we expressed it from a segment of the Drosophila melanogaster kinesin heavy chain gene and purified it from Escherichia coli . When observed by EM, this protein formed a rodlike structure 40-55 nm long that was occasionally bent at a hingelike region near the middle of the molecule . An additional EM study and a chemical crosslinking study showed that this protein forms a parallel dimer and that the two chains are in register. Finally, using circular dichroism spectroscopy, we showed that I NTRACELLULAR motility in eukaryotic cells depends upon the action of molecular motors . One such moleccular motor is kinesin, which is a microtubule-dependent motor protein that is found in the cytoplasm of most eukaryotic cells . Recent studies have implicated kinesin in several cellular processes including organelle transport (Vale et al., 1985 ; Schroer et al., 1988 ; Pfister et al., 1989) and ER extension (Dabora and Sheetz, 1988) .
Although the in vivo function and force-generating mechanism of kinesin remain unknown, much progress has been made towards understanding its structural organization . Native kinesin appears to be a tetramer composed of two heavy chains and two light chains (Bloom et al., 1988 ; Kuznetsov et al ., 1988) . The kinesin heavy chain gene from Drosophila melanogaster and from squid (Kosik et al ., 1990) have been cloned and sequenced . Analyses of the deduced protein sequence, together with microtubulebinding analyses of truncated polypeptides and immunoelectron microscopic studies (Amos, 1987; Ingold et al ., 1988; Hirokawa et al., 1989; Scholey et al ., 1989) , suggest that kinesin heavy chain is composed of three distinct domains : a globular amino-terminal head domain that contains the ATP and microtubule binding sites, a rodlike middle domain, and a small globular carboxy-this protein is -55-60% a-helical in physiological aqueous solution at 25°C, and -85-90% a-helical at 4°C. From these results, we conclude that the stalk of kinesin heavy chain forms an a-helical coiled coil structure . The temperature dependence of the circular dichroism signal has two major transitions, at 25-30°C and at 45-50°C, which suggests that a portion of the a-helical structure in the stalk is less stable than the rest. By producing the amino-terminal (coil 1) and carboxy-terminal (coil 2) halves of the stalk separately in E. coli, we showed that the region that melts below 30°C lies within coil 1, while the majority of coil 2 melts above 45°C . We suggest that this difference in stability may play a role in the forcegenerating mechanism or regulation of kinesin .
terminal tail domain that may interact with the light chains and possibly with organelles .
In addition to the three-domain organization of kinesin heavy chain, the deduced protein sequence suggests a more detailed structure for the middle domain . Analyses of the sequence of this domain revealed many of the features that are diagnostic of proteins that have an a-helical coiled coil conformation Kosik et al ., 1990) . In particular, the sequence predicts a largely unbroken a-helix that shows a characteristic heptapeptide-repeat pattern a,b, c,d,e,f,g, with strong enrichment of hydrophobic residues at positions a and d. The sequence also shows a weak periodicity of negatively and positively charged residues, similar to that found in the a-helical coiled coil regions of other filamentous proteins, e .g., myosin, keratin, and tropomyosin (McLachlan and Kam, 1983) . Interestingly, there is also an interruption near the middle of the proposed a-helical coiled coil region . This segment is unlikely to be a-helical because of the presence of a proline and several glycines in a short stretch of amino acids, and it may correspond to the bend seen near the middle of the stalk region in electron micrographs of porcine (Amos, 1987) and bovine Hisanaga et al., 1989) kinesin . Thken together, these data suggest that the middle domain of kinesin heavy chain forms the bent, rodlike stalk of native kinesin . Direct evidence for this view, however, as well as for the function of the stalk, has been lacking .
To gain insight into the structure, and ultimately the function, of the kinesin stalk, we have investigated the structure ofkinesin heavy chain from Drosophila melanogaster using molecular biological, biochemical, and biophysical techniques. In this paper, we report our analyses of proteins expressed in Escherichia coli from the proposed stalk domain of the gene. Collectively, our analyses confirm that the middle domain ofthe gene forms the stalk ofkinesin heavy chain and that the stalk is an a-helical coiled coil. In addition, our studies using circular dichroism (CD)l spectroscopy suggest that the a-helical structure in coil 1 of the stalk is less stable than in coil 2. In view ofthis disparity, we suggest that the coil 1 region of the stalk may play an important role in the force-generating mechanism or regulation of kinesin.
Materials and Methods

Plasmid Construction
The plasmids pETSTK (2B) and pETSTK were constructed in the translation vector pET-5c (Rosenberg et al ., 1987) . To construct pETSTK (2B), the unique BátnHI site in pET5c was digested and blunted with the Klenow fragment of DNA polymerase I . A PvuII fragment from pBSI-1, a plasmid that contains the full-length kinesin heavy chain cDNA clone 1 , was inserted into this site : the fragment contains sequence encoding residues 448-863 of kinesin heavy chain . Because the BamHI site is located downstream from the protein start point in pET5c, the novel sequence MASMTGGQQMGRI is added to the beginning of the kinesin heavy chain portion of the protein . The STK (2B) protein also has the novel sequence DPNS encoded by the vector appended to its carboxy end .
pETSTK was constructed identically to pETSTK (2B) . During its construction, however, 2 by was inadvertently deleted from the BamHI site in the vector. Because of this deletion, the protein expressed from pETSTK begins at an internal methionine, residue 470, and is missing 35 residues (13 of vector and 22 of kinesin sequence) from its amino-terminal end ; this end was verified by protein sequencing (see below) . The protein is otherwise identical to the STK (2B) protein . A high level of protein expression is possible from pETSTK because there is a fortuitous Shine-Dalgarno sequence located 6 by upstream from the internal ATG encoding residue 470.
The plasmids pETSTK .9A and pETSTK 1 were constructed from pET STK and pETSTK (2B), respectively. To construct pETSTK.9A, an EcoRl fragment encoding 1,280 amino acids of Drosophila a-spectrin was inserted in frame into the EcoRl site at the end of the kinesin heavy chain portion of pETSTK . To construct pETSTK 1, the unique EcoRl and AflH sites in pETSTK (2B) were digested and blunted with the Klenow fragment of DNA polymerase I, and the plasmid was reclosed . The remaining sequences in the plasmid encode residues 448-595 of kinesin heavy chain . In addition, the STK 1 protein has the novel sequence ILEDERAS encoded by the vector appended to its carboxy end .
To construct pETSTK 2, the unique BamHI site in the translation vector pET5b (Rosenberg et al ., 1987) was digested and blunted with the Klenow fragment of DNA polymerise I . An AflII-PvuH fragment from pBSI-1, containing sequences encoding residues 594-863 of kinesin heavy chain, was inserted into this site . This protein has the novel sequence MASMTGGQQ-MGRD at its amino end and DPNS at its carboxy end .
All plasmids were transformed into E. coli strain BL21(DE3) for expression (Rosenberg et al ., 1987) .
For protein sequencing, samples of the STK protein were electroblotted to PVDF membrane and subjected to automated Edman degradation on a gas phase protein sequencer (model 47GA ; Applied Biosystems, Inc., Foster City, CA) . The resultant phenylthiohydantoin amino acid fractions were identified using an on-line HPLC (model 120A, ABI) .
1 . Abbreviations used in this paper: CD, circular dichroism; NbS2, 5,5'-dithiobis-2-nitrobenzoate .
The Journal of Cell Biology, Volume 116, 1992 Expression and Purification ofStalk Protein from E. coli Kinesin heavy chain stalk proteins expressed by pETSTK, pETSTK (2B), pETSTK 1, and pETSTK 2 were produced in E. coli and prepared from cell lysates as described previously by Yang et al . (1990) with the following modifications. Cultures of transformed E. coli cells were grown and induced as described for cells carrying pET plasmids. The cells were harvested and sonicated as described for cells carrying pGEX, except that the final cell pellet was resuspended in 4 ml of phosphate lysis buffer (10 mM phosphate, pH 7.2, 2 mM DTT, 1 mM EDTA, 1 mM PMSF) for each 1 g of cell pellet . No additional protease inhibitors were added . After sonication, the cell lysate was clarified in a microfuge at full speed for 10 min followed by centrifugation at 150,000 g . for 30 min, at 4°C.
The stalk proteins were purified initially by ammonium sulfate fractionation . The 25-50% fraction, which contained most of the expressed protein, was resuspended in 2 .5 ml of phosphate lysis buffer (see above) for each 1 g of protein pellet . To remove bacterial proteins, the solution was made up to 0.75 M NaCl and boiled in 0.5 ml aliquots for 2-3 min . After cooling on ice, the solution was centrifuged in a microfuge at full speed for 10 min and then at 150,000 g m~for 15 min, at 4°C. Most of the expressed protein remained in the final supernatant .
For EM, cross-linking, and some CD studies, the final supernatant was further purified by gel filtration chromatography on a BioGel A5M column (Bio-Rad Laboratories, Richmond, CA) in 10 mM Tris-HCI, pH 7.5, 0.1 M KCI, 1 mM EDTA, 2 mM DTT, and 0.02% azide, which removed most of the remaining bacterial proteins . The purest stalk protein-containing fractions were then combined and stored at 4°C until needed .
For the remaining CD studies, the final supernatant was purified by ion exchange chromatography to remove nucleic acid as well as protein contaminants . To remove most of the nucleic acid, DE-52 (Whatman Inc ., Clifton, NJ) in DEAE buffer (20 mM Tris-HCI, pH 7.5, 300 mM KCI, 1 mM EDTA, 2 mM DTT) was added batchwise to the final supernatant . In this buffer, most of the nucleic acid binds to the DE-52 beads but the stalk protein does not . The final supernatant was dialyzed against DEAE buffer and then DE-52 was added -5 ml at a time with swirling. After 5 min at 4°C the mixture was spun in a clinical centrifuge for 1 min at the highest setting, to pellet the DE-52 beads. This procedure was repeated until the OD26o of the supernatant was <0.5-1.0 U ; 10-15 ml of DE-52 for each l liter oforiginal cell culture was usually required. To remove the remaining nucleic acid and protein contaminants, the supernatant was further purified by fast performance liquid chromatography on a MonoQ column (Pharmacia Fine Chemicals, Piscataway, NJ) in 20 mM Tris-HCl buffer, pH 7.0, with a 0-500 mM KCl gradient in 40 nil of gradient, at 4°C. The fractions that contained pure STK protein were then combined and stored at 4°C.
Expression and Purification ofProteinfrom pET-STK.9A in E. coli For expression of fusion protein from pETSTK .9A, overnight cultures of transformed E. coli cells were diluted 1:100 into Luria-Bertani media containing 100 Aglml ampicillin and 0.1 mM isopropylthiogalactoside, and shaken at 37°C for 3 h . The cells were then harvested and sonicated as described above for cells carrying pETSTK . After centrifugation, the cell supernatant was diluted fourfold with phosphate lysis buffer (see above), and the STK .9A protein was purified by ammonium sulfate fractionation . The 0-35% pellet, which contained most of the STK .9A protein, was resuspended in phosphate lysis buffer and clarified by centrifugation at 150,000 g x for 15 min, at 4°C . The STK.9A protein was further purified by gel filtration chromatography on a Sepharose CL-4B column (Pharmacia Fine Chemicals) in 10 mM Tris-HCI, pH 7.5, 1 .0 M KCI, 1 mM EDTA, 2 mM DTT, and 0.02% azide . The purest STK .9A protein-containing fractions were stored at 4°C and were used within 1-2 d .
EM
Purified protein was prepared for EM by low angle rotary shadowing with platinum and carbon as described by Tyler and Branton (1980) , with a shadow thickness of 0.8 ntn and a shadow angle of 5 .0°. Before shadowing, purified protein was diluted to -10 Fcglml in 10 mM Tris-HCI, pH 7.5, 10-100 mM KCI, and 50 % glycerol . To investigate the effects of salt concentration on the bend in the kinesin stalk, ammonium acetate was added to some samples to a final concentration of 0.5 M . Replicas were viewed and photographed on an EM (Philips 301, Philips Electronic Instrs. Co., Mahwah, NJ) at 80 kV.
Cross-linking Experiments
A stock solution of 5,5'-dithiobis-2-nitrobenzoate (NbS2; Sigma Chemical Co ., St . Louis, MO) was prepared as described by Lehrer (1975) . Purified protein samples were dialyzed against 20 mM phosphate, pH 7.5, 0.1 M NaCl, and 1 mM EDTA just before the addition of NbS2 . The purified protein (x+30,ug/ml) was reacted with NbS2 (1 .0 mM) for 1 h at room temperature. For the reaction in SDS, 1% SDS was added to the protein sample 5 min before the addition of Nbs2. All samples were then treated with 0.02 M iodoacetamide for 30 min at room temperature. For gel electrophoresis, the samples were concentrated by precipitation in 10% TCA, resuspended in SDS-PAGE sample buffer without any reducing agent, and neutralized by vapor phase addition of NH40H until the indicator dye turned blue . The prepared samples were run on nonreducing 7.5 % SDSpolyacrylamide gels and stained with Coomassie blue .
Circular Dichroism Spectroscopy
To ensure that the cysteines in the proteins were reduced, purified protein samples were incubated in 20 mM Tris-HCI, pH 7.0, 1.0 M NaCl, 5-7.5 mM DTT, and 1 mM EDTA at room temperature for 1 h. The samples were then dialyzed against PBS buffer (10 mM phosphate, pH 7.0, 150 mM NaCl, 0.5 mM DTT, 1 mM EDTA) in preparation for CD spectroscopy. The CD spectra were recorded in a 1-mm pathlength cuvette at a sample concentration of 0.01-0.10 mg/ml. The percent a-helix was calculated from the spectra using the program PROSEC (Aviv Assoc. Inc., Lakewood, NJ), a protein secondary structure estimator that uses an algorithm and reference spectra from Yang et al . (1986) . The temperature dependence of the CD signal at 222 nm was followed in a 1-cm pathlength cuvette at a sample concentration of 0.01-0.10 mg/ml . All studies were performedin a CD spectropolarimeter (Aviv model 60 DS, Aviv Assoc. Inc.) with a Peltier temperature control unit (Model 89100 A, Hewlett-Packard Co., Palo Alto, CA). Protein concentration was determined either by amino acid analysis or by Bradford (Bio-Rad Laboratories) assay, using as a standard a stalk protein sample whose concentration was determined by amino acid analysis. For amino acid analysis, samples were hydrolyzed in 6 N HCI at 110°C in vacuo for 16-20 h and analyzed either on an amino acid analyzer (Model 7300, Beckman Instruments, Inc., Palo Alto, CA) or on a derivatizer (Model 420A, Applied Biosystems, Inc.) with subsequent analysis by on-line HPLC (Model 130A, ABI) .
Results
Expression and Purification of a Fragment ofKinesin Heavy Chain
To examine the structure of the middle domain of kinesin heavy chain, we constructed a plasmid, pETSTK (Fig . 1 ) .
This plasmid was constructed by inserting a 1.25-kb PvuH fragment from the Drosophila kinesin heavy chain gene into the translation vector pET5c (Rosenberg et al ., 1987) . The protein expressed by pETSTK, whose expression begins at the first ATG in the PvuH fragment (see Materials and Methods), contains 361 residues or 95 % of the predicted «-helical coiled coil region plus 33 residues of the predicted carboxy-terminal tail domain . In addition to the kinesin heavy chain sequence, the expressed protein contains four residues from the vector at its carboxy terminus . Synthesis of the pETSTK protein is controlled by a phage T7 promoter; in E. coli strain BL21(DE3), which was used as the host for pETSTK, synthesis of T7 RNA polymerase is controlled by the lacUV5 promoter (Rosenberg et al ., 1987) .
After induction with isopropylthiogalactoside, pETSTK expresses a 46-kD polypeptide at high levels in E. coli, most of which is soluble upon lysis. The predicted protein sequence of the middle domain has many of the features that are diagnostic of a-helical coiled coil conformation, including a characteristic heptapeptide-repeat pattern that extends from residue 437to residue 831. The heptapeptide-repeat pattern is interrupted by a stretch of 23 residues, including a proline at position 587, that is unlikely to be a-helical and may form a kink or bend in this region of the molecule . (b) Schematic diagrams of proteins encoded by pET plasmids . pET STK was constructed by inserting a Null fragment from the kinesin heavy chain gene into the translation vector pET5c. The PvuII fragment contains cDNA sequences encoding 97% of the middle domain and a small portion of the tail domain of kinesin heavy chain, from residue448 to 863. Theprotein expressed by pETSTK begins at an internal methionine, residue 470 (see Materials and Methods), and also contains an additional four residues from the vector at its carboxy terminus . pETSTK(2B) was constructed identically to pETSTK. The protein expressed by pETSTK(2B), however, begins in the vector ; thus its predicted sequence contains an additional 13 residues from the vector and 22 residues from kinesin heavy chain at its amino terminus, pETSTK 1 was constructed from pETSTK(2B) by excising aunique AflII-EcoRl fragment; the remaining sequences encode residues 448-595. In addition, the STK 1 protein has a novel sequence from the vector appended to its carboxy end, as shown here . pETSTK 2 was constructed by inserting an Af1H-PvuII fragment, encoding residues 594-863 of kinesin heavy chain, into the translation vector pET5b. The predicted sequence of the protein expressed by pETSTK 2 contains additional residues from the vector at both ends, as shown here . See Materials and Methods for further details . ion exchange chromatography, to remove both protein and nucleic acid contaminants . Both preparations gave similar results when analyzed by CD.
EM Characterization
Initially, we used EM to determine whether the protein expressed by pETSTK corresponds to the stalk seen in electron micrographs of native mammalian brain kinesin (Amos, 1987 ; Hirokawa et al ., 1989) . Purified samples of protein were low angle rotary shadowed (Tyler and Branton, 1980) and observed by EM. The molecules exhibited several consistent morphological features, as can be seen in the low magnification field in Fig . 3 . Most of the molecules were rod shaped and between 45 and 55 nm long. While the majority of the replicas was relatively straight or gently curved, a few of them appeared to be sharply bent at a hingelike region near the middle of the molecule. These different features are shown at a higher magnification in Fig. 4 . The overall appearance of the expressed protein, including its rodlike shape, dimensions, and the location of the occasional bend, is consistent with the appearance of the stalk of native mammalian brain kinesin observed by EM. From these observations we conclude that the middle domain of kinesin heavy chain forms the extended stalk of the molecule .
The length of the stalk molecules and the position of the hinge were measured . The overall length of the stalk was 47 nm (SD = 7.5 nm, n = 125 ; data not shown) . This length is consistent with, though slightly shorter than, the length of The Journal of Cell Biology, Volume 116, 1992 the stalk of a similarly sized kinesin heavy chain from porcine brain, which was measured to be 50-70 nm (Amos, 1987) . This length is also slightly shorter than the 54-nm length that is predicted from the length-per-residue relation seen in two other a-helical coiled coil proteins, the myosin heavy chain tail and tropomyosin, which have 1 .50 A of length per residue (Fraser and MacRae, 1973) . To determine the location of the hinge, we used only those molecules that contained a sharp, well-defined kink or bend. We measured the length of each "arm" of the molecule from the bend to its tip. The lengths of the short and long arms were 20 nm (SD = 4.4 tun) and 29 nm (SD = 4.1 nm), respectively (n = 58; data not shown) . These measurements place the hinge, when its position is expressed as a percentage of total stalk length, -41% from one end of the stalk. This position is consistent with the position of proline 587, which lies within the 23-amino acid-long disruption in the heptapeptide-repeat pattern ) that is located -37% of the way from the amino end of the stalk . We conclude from this finding that the disruption in the heptapeptiderepeat pattern forms a flexible hinge in the stalk of kinesin heavy chain . Because this hinge region is apparently conserved in evolution (Kosik et al., 1990) , it may play an important role in kinesin function .
We also determined the effect of different sample preparation procedures on the percentage of molecules that were sharply bent . Contrary to a study on native adrenal medulla kinesin (Hisanaga et al ., 1989) , we did not find that the salt concentration dramatically affected the percentage of extended molecules . Approximately 12% of stalk molecules were bent in samples that had been dissolved in high salt buffer (0.1 M KCl + 1 .0 M ammonium acetate ; data not shown) . In low salt buffer (10 mM KCI), however, the percentage of bent molecules increased only to 20-25% . None of the samples we observed showed a majority of stalk molecules in the bent conformation .
It is not possible to determine if the stalk purified from E. coli is a monomer or a dimer simply by inspecting images such as those shown in Figs . 3 and 4. To solve this problem, we constructed a new expression plasmid, pET STK.9A (Fig . 5 A, a) , that would enable us to distinguish between monomeric and dimeric stalk molecules by EM . The plasmid was made by inserting a fragment of the Drosophila a-spectrin gene in frame at the 3' end of the stalk coding region in pETSTK . After induction with isopropylthiogalactoside, pETSTK .9A expresses in E. coli a 200-kD fusion protein (STK .9A) that is comprised of the kinesin stalk with 1,280 residues of a-spectrin attached to its carboxy end . This piece of a-spectrin probably has an extended a-helical conformation, and it appears in EM as anelongated molecule with a length of 58 f 4 nm (Dubreuil et al ., 1991) . It is also unlikely to be dimeric, based on EM observations (Dubreuil et al., 1991 ; our results, below) . We reasoned that, in EM, STK.9A could have oneof three conformations. Ifthe kinesin stalk were a monomer, then STK.9A would appear in EM as a long extended molecule, -105 nm in length, composed ofthe rodlike stalk attached to a single extended pieceof spectrin (Fig . 5 A, b) . If the stalk were an antiparallel dimer, STK.9A would appear as a longer linear molecule, -163 nm in length, with a piece of spectrin extending off each end of the stalk dimer (Fig. 5A, c ) . Ifthestalk were a parallel dimer, however, each rodlike stalk structure would have two ex- Figure 3 Rotary-shadowed stalk protein at low magnification . A typical field of rotary-shadowed stalk molecules at low magnification is shown here . Bar, 100 nm . tended pieces of spectrin attached to one end of it . This dimeric chimera would appear in EM as a distinctive Y-shaped structure (Fig . 5 A, d) . prepared for EM by low angle rotary shadowing in the same manner as the stalk. The predominant conformation displayed by the STK .9A fusion protein, which is shown in Fig.  5 B, is a Y-shaped structure . Each chimeric molecule is composed of a shorter, rodlike "base" that corresponds in appearance and length, 44 rim (SD = 6 .4 nm), to the stalk alone with two longer "arms" attached to one end of it. The length of these arms, 59 run (SD = 5.9 run), is consistent with the length of the spectrin piece alone. None of the other structures that were seen in EM corresponded consistently with either of the conformations diagrammed in Fig . 5 A, b and c. We occasionally saw long unbranched extended molecules, but their lengths were varied and inconsistent ; it is possible that they were pieces of nucleic acid, which remained with the fusion protein in our purification procedure. We conclude from these observations that the kinesin stalk is a parallel dimer.
The Joumal of Cell Biology, Volume 116, 1992 Chemical Cross-linking Analysis Figure 5 . Structural organization and EM of the fusion proteinencoded by pET STK .9A . (A; a) A schematic diagram of the protein encoded by pET STK .9A . The expression plasmid pETSTK .9A was constructed by inserting a fragment of the Drosophila a-spectrin gene at the 3' end of the stalk coding region in pETSTK. In E. coli, the plasmid expresses a fusion protein that contains the kinesin stalk with 1,280 residues of a-spectrin attached to its carboxy end . This piece of a-spectrin appears in EM as an elongated, monomeric molecule (Dubreuil et al ., 1991) . (A ; b-d) Possible conformations of the protein encoded by pETSTK .9A . The stalk-spectrin fusion protein could have one of three possible conformations, depending on whether the kinesin stalk is a monomer (b), an antiparallel dimer (c), or a parallel dimer (d) . (B) Rotary-shadowed stalk-spectrin fusion protein . Several representative STK .9A fusion protein molecules are shown here at high magnification . In each panel, the molecule is positioned with the dimeric kinesin stalk structure pointing roughly downward, forming the "base" of the Y-shaped structure, and the longer monomeric spectrin pieces extending upward, forming the`arms" of the Y. Bar, 100 nm.
As further evidence that the kinesin stalk forms a dimer, we conducted a cross-linking study using the aromatic disulfide NbS2. This chemical catalyzes the formation of disulfide bonds, by a two-step disulfide exchange process, between two cysteines whose thiol groups are in close proximity. The protein expressed by pETSTK contains two of the three cysteine residues, Cys 632 and Cys 695, that are located in the predicted coiled coil region of the kinesin stalk. Previous work ontropomyosin (Lehrer, 1975) andmyosin subfragment 2 (Lu and Lehrer, 1984) , molecules known to dimerize into coiled coils, demonstrated the ability of NbS2 to form disulfide cross-links between two parallel chains within the same molecule . Thus we reasoned that, ifthe expressed protein forms a parallel dimer and the cysteine residues in one subunit are close to those in the other subunit, then NbS 2 should be able to form cross-links between the subunits . The results of our experiment are shown on a Coomassie blue-stained nonreducing SDS-polyacrylamide gel in Fig.  7 . In the absence of NbS2 , a sample of reduced protein appears as a band corresponding to the expected monomer size of 46 kD. After reaction with NbS2, however, the majority of the protein has been converted to dimers, as shown in the middle lane of the gel . Since there are two pairs of cysteines in the dimerized protein, three cross-linked species could possibly be obtained : one species with two cross-links and two species with a single cross-link at one or the other position . The cross-linked protein was consistently seen to be composed of three major bands of varying intensities . Because of the known effects of cross-links on the mobility of proteins in SDS-polyacrylamide gels (Griffith, 1972) , each The dimeric stalk protein purified from E. coli contains two pairs of cysteines, at positions 632 and 695, which can be cross-linked in the presence of NbS2 . Purified protein samples (30 jAg/ml) were reacted with 1.0 mM NbS2 for 1 h at room temperature, treated with 0.02 M iodoacetamide for 30 min, and analyzed on a nom-educing SDS-polyacrylamide gel (7.5%) stained with Coomassie blue. In the absence of NbS2, a sample of reduced stalk protein appears as a band corresponding to the monomer size of 46 kD (lane 1) . After reaction with 1.0 mM NbS2, the majority of the protein has been converted to dimers (lane 2). In the presence of 1% SDS, which denatures the protein, no dimers are formed after reaction with NbS2 and the protein remains monomeric (lane 3) .
de Cuevas et al . Stalk of Drosophila Kinesin Heavy Chain band probably corresponds to one of the three possible cross-linked species . It is not known why additional faint bands were occasionally seen in the cross-linked species, as in Fig. 7 . In contrast to these results, no cross-linked species was formed in protein that was denatured in 1 % SDS before the addition of NbS 2 . Thus, NbS2 probably reacts with both pairs of cysteines in the stalk molecule and cross-links the subunits only if they are in their native state, before denaturation and dissociation by SDS. This finding demonstrates that the stalk forms a dimer in its native state . In addition, since cross-linking by NbS 2 requires the close proximity of two thiol groups, it strongly suggests that the two chains in the dimer are in register.
Circular Dichroism Analysis
To confirm that the stalk of kinesin heavy chain forms an extended a-helix, we used CD spectroscopy to determine the a-helical content of the stalk protein produced in E. coli. Based on analyses of its predicted protein sequence, 90% of the residues in the protein expressed by pETSTK are predicted to form an a-helical coiled coil structure and therefore to be a-helical . The remaining residues do not show a strong tendency to form a-helix . As shown in Fig. 8 , a and b, the CD spectrum ofthe expressed protein has two minima at 208 and 222 run and a maximum at 195 nm, all of which are characteristic of a-helices . When analyzed by the program PROSEC, a protein secondary structure estimator that is based on an algorithm and reference spectra from Yang et al . (1986) , these spectra show that the expressed protein is -55-60% a-helical at 25°C and 85-90% a-helical at 4°C, with 0 % ß-turn or ß-sheet at either temperature . Differences in protein concentration (within the 0.01-0.10 mg/ml range) and purification method (either fast performance liquid chromatography or gel filtration chromatography ; see Materials and Methods for details) did not appear to affect the spectrum of the protein . These findings confirm that the stalk protein forms an extended a-helix . In addition, they suggest that a significant portion of the a-helical structure in the stalk protein is melting out at near physiological temperature .
To determine the temperature dependence of the CD signal, we measured the molar ellipticity of the stalk protein at 222 nm between 4 and 80°C. As shown in Fig . 8 c there are two major transitions in the melting curve . The midpoints of the transitions were obtained by taking a first derivative of the melting curve, which is shown in the inset in Fig . 8 c . The midpoint of the second major transition is at 45-50°C, which is consistent with the CD melting transitions of other stable coiled coil structures, e .g ., paramyosin and the myosin rod (Privalov, 1982) . The extent of the transition indicates that -50% of the a-helical structure is melting out at this temperature. The midpoint of the first transition, however, is at 25-30°C, which indicates that the remaining portion of the a-helical structure in the expressed protein is relatively unstable . Hence at 4°C the molar ellipticity is considerably lower than at 25°C, consistent with the spectra .
To determine in which portion of the stalk the region of instability lies, we constructed two new plasmids, pETSTK 1 and pETSTK 2, that each express only a fragment of the stalk (Fig. 1) . To construct the plasmids, we took advantage of an Af1II site located within the region predicted to encode centration of 0.014 mg/ml in PBS buffer, using fast performance liquid chromatography-purified protein ; (d) was recorded at a protein concentration of 0.10 mg/ml. The melting curve of the STK 1 protein (e) has one transition with a midpoint at 20-25°C and was recorded at a protein concentration of 0.10 mg/ml. The melting curve of the STK 2 protein (f) has one transition whose midpoint is at 45-50°C and was recorded at a protein concentration of 0.035 mg/ml . The melting curves in d-f were recorded using protein purified by gel filtration chromatography. the bend in the kinesin heavy chain stalk . Thus, pETSTK 1 expresses a 19ÁD fragment that contains just coil 1, and pETSTK 2 expresses a 33-kD fragment that contains just coil 2 . The CD spectra of these proteins indicate that at 4°C they are both 80-85 % a-helical (data not shown), consistent with the predicted a-helical content of each protein . Th determine the temperature dependence of the CD signal for each coil, we measured the molar ellipticity of the STK 1 and STK 2 proteins at 222 rim between 4 and 80°C. As shown in Fig. 8 , e and fthe melting curves of the coil 1 and coil 2 proteins have only one transition . The first derivatives of each curve, shown in the insets in Fig . 8 , e and f, show that the midpoint of the transition in coil 1 is at 20-25°C, and in coil 2 at 45-50°C. These data suggest that the a-helical structure in coil 1 is less stable at physiological temperature than in coil 2. Because the protein expressed by pETSTK 1 contains additional vector and coil 1 sequences at its amino end that are not contained in the protein expressed by pETSTK, we constructed a third plasmid, pETSTK(2B) (Fig . 1) . This plasmid expresses a 50-kD protein that consists of the full length STK protein with the additional coil 1 and vector residues at its amino end . The CD spectrum of the STK(2B) protein indicates that it is -85 % a-helical at 4°C (data not shown), and its melting curve, which is shown in Fig. 8 d, has two major transitions, at 25-30°C and at 45-50°C. These findings show that the STK(2B) and STK proteins behave consistently.
Discussion
We have presented here an investigation of the structure of the stalk of kinesin heavy chain by EM, chemical crosslinking, and CD analysis. Our results demonstrate that (a) the middle domain of the kinesin heavy chain gene, whose predicted protein sequence contains features characteristic of a-helical coiled coils, forms a rodlike stalk 47 f 7.5 rum in length with a hinge near its middle ; (b) the stalk forms a parallel dimer with both chains in register; and (c) the stalk is predominantly a-helical . Taken together, these results provide strong evidence that the stalk of kinesin heavy chain forms an a-helical coiled coil. In addition, our CD studies suggest that the a-helical structure in coil 1 of the stalk is less stable than in coil 2, contrary to what is predicted from the sequence of squid kinesin heavy chain (Kosik et al., 1990) . The question that arises is what function the stalk of kinesin might have, and whether the differential stability of coils 1 and 2 has an influence on that function. There are three possible functions for the a-helical coiled coil stalk of kinesin heavy chain that are suggested by its structure. (a) A portion of the stalk might function in generating force for motility. It is tempting to suggest that the stalk might contribute to force production by a mechanism similar to the helix-coil transition model proposed for another molecular motor, myosin heavy chain, whose structural organization and behavior are strikingly similar to those of kinesin (Harrington, 1971 ; Warrick and Spudich, 1987) . In particular, for such a mechanism one would expect the segment of the stalk between the head and the hinge to be relatively unstable. The finding that the coiled coil structure is less stable in coil 1 than in coil 2 is consistent with this model. (b) Some regions of the stalk might regulate the motile or binding properties of kinesin . This possibility arises from a quickfreeze, deep-etch EM study of bovine brain kinesin , in which the protein appeared to be only about one-third as long when cross-linking microtubules to latex microspheres as when free in solution, suggesting that a portion of the stalk may be lying along the surface of the microsphere or the microtubule . Similarly sized cross-bridges were also observed between microtubules and vesicles in vivo. Binding ofthe stalk to microtubules or vesicles might also stabilize the a-helical conformation of coil 1, which is likely to be significantly unfolded at 25°C (near the physiological temperature for Drosophila) when kinesin is free in solution . This stabilization might be an important feature of kinesin regulation . (c) The stalk might act as a passive link between the head and the small globular tail of the heavy chain . This final possibility is supported in part by the observation that the kinesin head and only 11 residues of the stalk are sufficient to move microtubules in vitro (Yang et al ., 1990) . Thus, although the stalk may contribute to force production or regulation in vivo, it is apparently not essential for motility in vitro, which is similar to the situation for myosin (Toyoshima et al ., 1987; Lovell et al ., 1988) . Further experiments will be needed to determine whether any portion of the stalk is essential for movement or regulation in vivo .
